We use X-ray monitoring data obtained over a broad range of time-scales to measure the broadband power spectral density functions (PSDs) of two Seyfert galaxies, the broad line Seyfert 1 NGC 3227 and the Seyfert 2 NGC 5506, which has recently been identified as an obscured Narrow Line Seyfert 1 (NLS 1). Using a Monte-Carlo fitting technique we demonstrate that both PSDs are reminiscent of the PSD of black hole Xray binaries (BHXRBs) in the high/soft state, and specifically rule out a low/hard state PSD shape in NGC 3227. This result demonstrates that, at least where variability is concerned, broad line Seyferts with hard X-ray spectra (photon index Γ ∼ 1.6) are not simply the analogues of the low/hard state in BHXRBs, and the dichotomy of NLS 1 and broad line Seyferts cannot be simply interpreted in terms of the two states. We show that the PSD normalisation in NGC 3227 is strongly energy dependent, with larger variability amplitudes at lower energies, unlike NGC 5506 which shows little energy-dependence of variability. We demonstrate that this difference is caused by spectral pivoting of the continuum in NGC 3227 at high energies, which is probably also related to the large amplitude of variability seen in the 2-10 keV band in this AGN. Using the new PSD data and new results in the literature, we replot the PSD break time-scale versus mass plot for all AGN with PSD breaks measured so far, and demonstrate that higher accretion-rate AGN appear to have relatively shorter break time-scales for their black hole mass than lower-accretion rate AGN.
INTRODUCTION
The X-ray variability of radio-quiet active galactic nuclei (AGN) measured to date is best characterised as a red-noise process, with a power-law PSD of slope ∼ −2 on short timescales (hours to days,M c Hardy 1988; Green, M c Hardy & Lehto 1993). In the last few years, longer-time-scale monitoring of AGN, on time-scales of weeks to years, with the Rossi X-ray Timing Explorer (RXTE) has revealed breaks in the PSDs, with the PSD flattening to slopes ∼ −1 below the break frequency (e.g. Edelson & Nandra 1999; Uttley, M c Hardy & Papadakis 2002; Markowitz et al. 2003; M c Hardy et al. 2004 M c Hardy et al. , 2005 , similar to the high-frequency breaks (around 1−10 Hz) observed in the PSDs of black hole X-ray binaries (BHXRBs). Comparison of the break frequencies (or equivalently, time-scales) with independent measures of black hole mass shows that they scale roughly linearly with mass from the time-scales observed in BHXRBs, ⋆ e-mail: pu@milkyway.gsfc.nasa.gov albeit with some scatter (Markowitz et al., 2003; M c Hardy et al., 2004) . This remarkable connection with the X-ray variability properties of stellar mass black-holes raises the possibility that other properties of these sources are similar. For example, since BHXRBs show a range of states with different X-ray spectral and variability properties (see McClintock & Remillard 2005 for a review), we can ask, do AGN show a similar range of states? Narrow Line Seyfert 1 (NLS 1) are often compared with BHXRBs in the high/soft state or very high states, since they show steep power-law X-ray spectra Γ > 2 (Brandt, Mathur & Elvis, 1997) , similar to the steep power-laws observed in the high/soft state of BHXRBs † . On the other hand, broad line Seyfert galaxies have harder X-ray spec- † BHXRBs in the high/soft state also show strong disk blackbody emission at temperatures kT ∼ 1 keV, which would generally not be observed in the X-ray spectra of AGN, due to their lower disk temperatures c 0000 RAS c Hardy tra (Γ < 2) and so have been compared with BHXRBs in the low/hard state. This dichotomy is also reflected in the X-ray variability of NLS 1 and broad line AGN, with high-luminosity NLS 1 showing typically larger variability on short time-scales (hours) compared to broad line Seyferts, which show weaker variability with increasing luminosity (Turner et al., 1999; Leighly, 1999) . Comparison of PSD break time-scales with independent estimates of black hole mass suggested that this difference in variability amplitude may be due to a systematically shorter break time-scale in the PSDs of NLS 1 (M c Hardy et al., 2004) , consistent with the interpretation that NLS 1 occupy the high/soft state, which shows a higher PSD break frequency than the low/hard state (∼ 10 − 20 Hz versus ∼few Hz). More recently, using the latest revised estimates of black hole masses M c Hardy et al. (2005) have shown that the break time-scales of broad line Seyferts are consistent with scaling from the high/soft state, in which case the relative difference in break time-scales may reflect a more gradual dependence of timescale on e.g. accretion rate, rather than a sharp transition between high/soft and low/hard accretion states (see also Markowitz & Uttley 2005) . It is not clear if the normalisations of NLS 1 PSDs are also systematically higher than those of broad line Seyferts. The comparison with BHXRBs is more complicated here, since only the power-law continuum is significantly variable in high/soft state BHXRBs (Churazov, Gilfanov & Revnivtsev, 2001 ) so the amplitude of variability (i.e. PSD normalisation) is reduced by the presence of the constant blackbody which would not be observed in AGN.
A more clear-cut test of the existence of different states in AGN is the shape of the broadband PSD, This is because the low/hard and high/soft states in BHXRBs show a clear and simple difference in PSD shape. High/soft state PSDs show power continuing below the break with an unbroken power-law slope ∼ −1 down to very low frequencies (< 10 −3 Hz, Reig, Papadakis & Kylafis 2002) . On the other hand, low/hard state PSDs show a second break: a cut off in the power (to slope 0) below ∼ 0.1 Hz, so that there is only significant power over about a decade range in frequency (Belloni & Hasinger, 1990; Pottschmidt et al., 2003) . The best evidence for a low/hard state PSD shape in an AGN has been obtained for the broad line Seyfert 1 NGC 3783 (Markowitz et al., 2003) ; although the precise low-frequency shape is unclear, the PSD does appear to flatten and is not consistent with an unbroken slope of -1 at the 98 per cent confidence level. In contrast, the best-quality broadband AGN PSD measured to date is for the NLS 1 NGC 4051, which clearly showed a continuation of power to low frequencies with slope ∼ −1.1 over a > 3-decade range, consistent with a high/soft state interpretation. A similar result is also obtained for MCG-6-30-15 (M c Hardy et al., 2005) .
In this paper, we present the broadband PSD of a broad line Seyfert 1.5, NGC 3227 ‡ , which shows that this AGN ‡ Although the FWHM of Hβ emission in the mean spectrum is only 1900 km s −1 (hence the Seyfert 1.5 classification) this is probably due to contamination by a constant narrow emission line, since the FWHM of the Hβ line in the rms-spectrum is ∼ 4300 km s −1 (Onken et al., 2003) .
has a high/soft state PSD shape despite possessing an intrinsically hard X-ray continuum (Γ ∼ 1.6, ) and an apparently low accretion rate (few per cent Eddington). We also show that the PSD of the Seyfert 2 NGC 5506, recently identified as an obscured NLS 1 (Nagar et al., 2002 ) is consistent with a high/soft state shape, but has significantly lower normalisation than the PSD of NGC 3227. Both AGN also show different energy dependences of the PSD normalisation, with NGC 3227 showing increasing amplitude of variability at lower energies while NGC 5506 shows little energy dependence of variability. In combination, these results show that the high/soft and low/hard state dichotomy cannot be simply applied to describing NLS 1 and broad line Seyferts, at least in regard to their variability properties.
OBSERVATIONS AND DATA REDUCTION
We have monitored NGC 3227 from 1999 Jan 2 to the present (data obtained up to 2005 Feb 24 is used here), and NGC 5506 from 1996 Apr 23 to 2002 May 20 as part of our program to measure the broadband PSDs of AGN. In order to efficiently sample variability over a broad range of time-scales, we observe our targets using 1 ksec snapshots with the Proportional Counter Array, which are obtained over a range of (roughly evenly-spaced) sampling intervals. Until the end of 2000 February, RXTE observed the sources using a combination of twice-daily, daily, bi-weekly and also monthly monitoring (see Uttley, M c Hardy & Papadakis 2002, henceforth UMP02, for PSDs of several AGN, including NGC 5506, constructed using this data). From 2000 March to 2001 February, RXTE carried out weekly observations, and also carried out intensive 4-times-daily monitoring of each AGN for two months, in order to better constrain the PSD on intermediate time-scales. Then, from 2001 March to 2002 February (for NGC 5506), and up until the present in the case of NGC 3227, the sampling rate of long-term monitoring increased to every two days, in order to better pin down the lower-frequency shape of the PSD, which is heavily influenced by aliasing from higher frequencies (e.g. see UMP02).
In order to constrain the short-term variability and measure the PSD at high frequencies, we use long-look observations, of ∼days duration. For NGC 3227, we obtained an archival RXTE observation of ∼ 4 d duration. For NGC 5506, as noted in UMP02, our original 'long-look' observation was poorly sampled, so that it was only suitable for use in measuring the PSD at relatively high frequencies (> 10 −4 Hz, i.e. time-scales less than an RXTE orbit). Therefore in UMP02 we also used an archival long-look observation with the ME instrument on board EXOSAT to constrain the PSD at frequencies 10 −5 -10 −4 Hz, and we also use the same observation here (see UMP02 for further details). However, subsequently a somewhat short (∼ 1.7 d) but well-sampled RXTE long-look observation (2001 December) has become available, which we also use to constrain the PSD over the same frequency range as the EXOSAT data. We summarise the observations used in this paper in Table 1 .
We reduce all the PCA data using standard selection criteria (e.g. see M c Hardy et al. 2004), using the latest background models and extracting data from the top layer only The table shows the name of the separate lightcurve used to construct the broadband PSD, the sampling pattern (6h -6 hourly; 2d -every 2 days; 1w -weekly; 2w -every 2 weeks; 1m -monthly), RXTE Proposal IDs containing the data and the number of useful observations (for monitoring) or useful exposure time (for long-looks). of the available PCUs. For the long-look data, obtained over short periods so that the instrument response is constant, we measured light curves directly in terms of count rates in the 2-10 keV band § . To maximise signal-to-noise in determining the high-frequency PSDs, we extracted data from segments when all 5 PCUs were switched on for the 1996 NGC 3227 and 1997 NGC 5506 long-looks respectively. Since 1999 March, instrumental problems with the PCA instrument have led to losses in the number of typically available Proportional Counter Units ¶ , so that we only extract counts from PCU 2 in the 2001 NGC 5506 long-look, to yield a light curve with similar count rate to the EXOSAT observation. We plot the NGC 3227 and 2001 NGC 5506 long-look lightcurves in Fig. 1 . The PCU losses, together with significant changes in the PCA voltage gain, mean that it is not possible to simply measure a long-term light curve using the instrument count rate. Therefore, we use a spectral-fitting approach to mea- § instrument channels 5-27 in the long-looks obtained before the 1999 Mar gain change, channels 5-24 in the NGC 5506 long-look obtained in 2001 Dec.
¶ PCUs 1,3 and 4 are often switched off to prevent their degradation, and since PCU 0 suffers substantially higher background due to the loss of its Propane veto layer, we typically only use data from PCU 2 from observations obtained since 2000.
sure the observed energy fluxes. We extract the the spectrum from each monitoring snapshot and fit it with a simple absorbed power-law model over the 3-12 keV energy range. The neutral absorbing column is fixed at the estimated Galactic value for the Seyfert 1 NGC 3227 (NH = 2.1 × 10 20 cm −2 , Murphy et al. 1996) , and at an assumed intrinsic value of NH = 3.6 × 10 22 cm −2 for the Seyfert 2 galaxy NGC 5506 (consistent with the results of fits to broadband BeppoSAX data, Bianchi et al. 2003) . The flux in the 2-10 keV energy range is then determined from the fitted model. Although the model used to fit the data is relatively simple, it serves as a good estimator of the 2-10 keV flux, because the RXTE response is relatively flat so that provided the model is a good fit to the data, the integrated flux is a good approximation to the count rate 'corrected' for changes in the response and number of PCUs. We plot the resulting long-term and 6-hourly light curves in Fig. 2 and Fig. 3 respectively.
Fitting a better, more detailed spectral model (e.g. including an iron line) is not warranted by the relatively poor statistics of the 1 ks snapshots. We note however that since the absorbing column is fixed in our fits, the resulting flux estimates will include any variations due to absorption. In NGC 5506, we do not expect such changes in absorbing column, since there is good evidence that the Compton-thin column in this case is due to large-scale absorption in the plane of the edge-on host galaxy (Nagar et al., 2002; Bianchi et al., 2003) . In NGC 3227 however, the RXTE monitoring c Hardy has revealed an absorption event of several months duration, when the column increased to ∼ 3 × 10 23 before returning to the normal low level, possibly as a result of an eclipse of the X-ray source by a Broad Line Region cloud . We will show that this absorption-related variation has a negligible effect on the measured PSD later in the paper.
MONTE-CARLO ANALYSIS
For several reasons, a Monte-Carlo approach is essential to constrain the shape of the PSD measured from monitoring observations of the kind presented here. Firstly, the mixture of sampling patterns means that aliasing and red-noise-leak effects, which systematically distort the PSD, cannot be trivially calculated, so such effects must be accounted for with direct simulation. Secondly, the distorting effects of sampling mean that adjacent frequency bins in the PSD are not independent, so that meaningful errors cannot be derived directly from the data and used with a conventional goodness-of-fit statistic. Thirdly, in order to sample the PSD down to low frequencies and so better constrain the lowfrequency shape, it is necessary to minimally bin the PSD at the lowest frequencies, so that even if sampling effects were negligible, meaningful errors on the PSD could not be determined. These problems (which are discussed in some detail in UMP02 and Vaughan et al. 2003b) mean it is necessary to use a Monte-Carlo approach to fit models to the PSD. In UMP02, we developed a Monte-Carlo approach (called psresp, based on the 'response method' of Done et al. 1992) to fitting broadband PSD models to data consisting of multiple light curves, sampling a range of time-scales.
The psresp method has subsequently been applied to a number of studies of AGN PSDs (Markowitz et al., 2003; M c Hardy et al., 2004) and we refer the reader to these papers, in addition to UMP02, for further discussion of the method. Here, we simply note some of the technical details of the psresp fitting of the data discussed in this paper. The light curves detailed in Table 1 (with the exception of the 2001 NGC 5506 long-look) are used as direct input into psresp, which rebins them into time bins of size T bin s. The long-term light curve, used to calculate the lowfrequency part of the PSD also includes the more intensely sampled monitoring data (i.e. with 6 h, 12 h and 1 d sampling), but since this light curve contains gaps of 4 or 8 weeks in NGC 5506 and NGC 3227 respectively (due to Sun-angle pointing constraints), we choose a wide bin size T bin = 28 days, to minimise any unnecessary distortion to the PSD. For the remaining light curves, the data is rebinned to a bin time close to the sampling time-scale: 2048 s for the long-looks, 6 h for the 6-hourly sampled data, and 1 d for the daily and twice-daily monitoring data sets, which are consecutive and hence combined into a single light curve for improved S/N . psresp then interpolates any empty bins, and renormalises the light curves by the mean flux before measuring the PSD for each input light curve (the set of PSDs then forms the overall broadband PSD). The PSDs are rebinned in logarithmic frequency intervals ν → 1.5ν, with a minimum of 2 frequencies per bin. To constrain the very highest frequencies ν > 10 −4 Hz (close to the Poisson noise level), which do not require extensive simulation since the light curves are continuously sampled on those timescales less than half an RXTE orbit, very high frequency (VHF) PSDs were directly computed from NGC 3227 and 1997 NGC 5506 long-look light curves with 16 s resolution. Error bars on the VHF PSD are determined directly from the data, so that these PSDs are directly input into psresp and only red-noise leak in the VHF PSD is accounted for by the code.
Simulated light curves are made using a time resolution Tsim ≤ T bin /10 (additional power due to shorter timescales is estimated using an analytical approximation, see UMP02). As with the real data, PSDs measured from the simulations are rebinned in logarithmic frequency intervals ν → 1.5ν, with a minimum of 2 frequencies per bin. Unless otherwise noted, for each input light curve, N = 400 simulations are made for each step of assumed PSD model parameters, and used to determine the model average PSDs and the spread in power at each frequency bin. M = 4000 combinations of the simulated PSDs are chosen to make simulated broadband PSDs, and compared with the model average to determine a pseudo-χ 2 distribution, which is used to determine the goodness of fit of the model to the observed broadband PSD.
RESULTS

The 2-10 keV PSD of NGC 3227
We first fitted an unbroken power-law model to the 2-10 keV PSD of NGC 3227, using N = 1000 simulated PSDs and M = 10000 combinations of PSDs to determine the rejection probability . The model was rejected at better than 99.9 per cent confidence. Examination of the fit residuals clearly shows evidence of spectral flattening towards lowfrequencies. However, the long-term data for NGC 3227 (Fig. 2) shows clear evidence for long-time-scale variability, indicative of a red-noise like PSD on long time-scales, so that the PSD must not flatten to zero. By analogy with our previous fit to the PSD of NGC 4051 (M c Hardy et al., 2004 ), the simplest model may be a bending power-law, similar to that observed in Cyg X-1 in its high/soft state, described by:
Where A is a normalising factor, αL and αH denote the low and high frequency slopes respectively and ν bd is the bend frequency. We allowed all parameters in the model to be free and fitted the model to the broadband PSD. The acceptable (at 90 per cent confidence) range of high-frequency slopes is fairly steep, αH < −2 (note that slopes steeper than two cannot be constrained due to the effects of red-noise leak, e.g. see UMP02 for discussion). The acceptable region of the ν bd -αL parameter space is shown in Fig. 4 . The best fit (rejection probability Prej = 0.54 ) was found for a lowfrequency slope αL = −1 and bend-frequency ν bd = 2.6 × 10 −5 Hz. The data and best-fitting model are plotted in Fig. 5 . The fact that the low-frequency slope is similar to -1 is consistent with the shape of the high/soft state PSD in Cyg X-1. It is interesting to compare . The low-frequency slope is similar in both cases, while the bend-frequency is more than an order of magnitude lower in NGC 3227, suggesting a similar variability state but a significantly higher-mass black hole in NGC 3227.
Having demonstrated that the broadband PSD of NGC 3227 is consistent with a bending power-law similar to the PSDs of NGC 4051 and Cyg X-1 in the high/soft state, we now consider whether we can rule out the possibility of a low/hard state PSD shape. Although the low/hard state PSD appears to be best-described by a sum of broad Lorentzians (e.g. Nowak 2000; Pottschmidt et al. 2003 ), a doubly-broken power-law (with sharp breaks, e.g. see Markowitz et al. 2003 Section 4. 3) will suffice to represent the shape of the PSD (e.g. see Belloni & Hasinger 1990; Nowak et al. 1999) , especially for data of necessarily poorer quality than for XRBs. To mimic the shape of the low/hard state PSD we fix the low and intermediate power-law slopes to 0 and -1 respectively, but allow the high-frequency slope to remain free (since it appears to vary in Cyg X-1, Belloni & Hasinger 1990) . We also leave the positions of both the low and high frequency-breaks to be free, in order to deRejection probability gives the fraction of simulated data sets which are a better fit to the assumed model than the real data, i.e. the confidence that the model can be rejected by the data. c Hardy termine the allowed width of the part of the PSD with the intermediate 1/f slope, which is typically about a decade in the low/hard state of BHXRBs.
The resulting contour plot of low-frequency versus highfrequency breaks is shown in Fig. 6 . The best-fitting model (Prej = 0.59) corresponds to a low-frequency break of 10 −8 Hz, on the edge of the fitted range, i.e. the data are consistent with there being no low-frequency break. Importantly, the possible ratio of the high and low break frequencies is greater than 30 at 95 per cent confidence and likely exceeds 100 (at 90 per cent confidence). Therefore the allowed width of the intermediate 1/f slope is significantly greater than the decade observed in the low/hard state of BHXRBs, and we rule out a low/hard state interpretation of the PSD. It is much more likely that the PSD of NGC 3227 is similar to that of the high/soft state in BHXRBs.
We stress here that the X-ray absorption event observed in NGC 3227 in late 2000 and early 2001 ) is unlikely to contribute signficantly to the long-term PSD. This is because the time when absorption is at a maximum (and hence significantly affects the 2-10 keV flux) corresponds to roughly a single month-long bin (out of more than 70 bins) in the light-curve used to make the PSD. Accordingly, removing this data point and interpolating across the gap, has a negligible effect on our PSD fit results. Furthermore, the X-ray spectral variability of NGC 3227 is consistent with long time-scale variations being due to intrinsic continuum variations and not absorp- model to the data (with low-frequency slope fixed to -1). We obtain a good fit (Prej = 0.54) for a break frequency of (1.9 ± 2.5
×10
−5 Hz (errors are 90 per cent confidence limits here and elsewhere, unless otherwise noted) for highfrequency slopes constrained to be steeper than -1.9 (at 90 per cent confidence).
The 2-10 keV PSD of NGC 5506
Following the procedure used for NGC 3227, we first fitted an unbroken power-law model to the 2-10 keV PSD of NGC 5506, and find that it is rejected at better than 99.9 per cent confidence (strengthening the 99 per cent confidence result we obtained with fewer data in UMP02), again due to low-frequency flattening. We next fitted the bending powerlaw model. The high-frequency slope is constrained to be αH < −1.7 (at 90 per cent confidence) and a best fit (rejection probability Prej = 0.27) was found for a low-frequency slope αL = −1 and bend-frequency ν bd = 3.9 × 10 −5 Hz. The data and best-fitting model are shown in Fig. 7 . The data is consistent with a high/soft state PSD shape, with a similar bend frequency to that observed in NGC 3227. However, the low-frequency slope is not very well constrained (see Fig. 8 ) and hence is also consistent with zero at the 90 per cent confidence limit. Not surprisingly, we find that the doubly broken power-law model is also an acceptable fit to the data (at the 90 per cent confidence level) even for small values (< 10) of the ratio of high to low break frequency. Therefore we cannot rule out the possibility of a low/hard state PSD shape in NGC 5506. A sharply broken power law (with low-frequency slope -1) also produced a good fit to the PSD (Prej = 0.44), for a break frequency (1.3±
−5 Hz for slopes steeper than -1.8 (at 90 per cent confidence).
Energy dependence of PSD shape and normalisation
We now consider the energy dependence of the PSD shape and normalisation for both targets. For the monitoring data, we measured flux light curves in two energy bands, 3-5 keV and 7-15 keV, using the spectral-fitting method described in Section 2, except only fitting the spectrum obtained over the respective energy ranges, rather than a broader band. We extracted count-rate light curves for the long-look observations over the equivalent channel ranges ⋆⋆ . Since the EXOSAT data for NGC 5506 does not extend to energies above 9 keV we do not use that data to make energy-dependent highfrequency PSDs, but continue to use the RXTE long-look data from 2001 Dec.
We fit the bend model, which provides a good fit to the PSDs of both AGN, in order to investigate the energy-dependence of the PSD shape. The high-state PSD of Cyg X-1 is energy-independent below the bend-frequency (M c Hardy et al., 2004), so we fix the low-frequency slope to -1 for both AGN, allowing the bend-frequency and highfrequency slope to be free. We show overlaid confidence contour plots for the fits to both energy bands in Fig. 9 and Fig. 10 for NGC 3227 and NGC 5506 respectively. For both sources, the PSDs in both energy bands are consistent with having the same shape. The PSD shapes are also consistent with the shape of the 2-10 keV PSD. Note however, that since the light curves in both bands are fairly well correlated in both sources, the uncertainty in PSD shape is correlated between bands, i.e. although there is an overall systematic uncertainty in PSD shape for both bands the relative difference in shapes is not as large as might be inferred from the size of the confidence contours. With this point in mind, we note a tendency in both AGN for the fits to the 2-5 keV PSD to favour slightly lower bend-frequencies and/or steeper high-frequency slopes, i.e. there is relatively more power at higher frequencies in the harder energy band than in the softer band. Similar behaviour has been more con- A more robust comparison can be made between the PSD normalisations in the different energy bands, and between the PSD normalisations of both AGN. In the bending c Hardy power-law model, the interpretation of the normalisation A is dependent on the low-frequency slope. For low-frequency slopes of -1 in the bending power-law model, the normalisation A can be simply interpreted as the maximum value reached by the power in a plot of frequency×power. In this case, there is equal light curve variance per decade of frequency over the slope= −1 portion of the PSD, with the fractional variance per decade (i.e. absolute variance normalised by mean-squared) σ 2 frac ≃ 2.3A. The PSDs of both AGN are consistent with this shape of low-frequency PSD, so we simply fit the best-fitting 2-10 keV bending powerlaw PSD model for each AGN to all energy bands, and use the spread in normalisations fitted to M = 10000 simulated data sets to estimate the uncertainty in normalisation (i.e. assuming the fitted PSD model). The resulting normalisations for all energy bands are shown in Table 2 , together with (for comparison) the fractional rms for the corresponding long-term monitoring light curves.
Note that for each individual source the variations in fractional rms between bands is slightly larger than would be expected given the variation in normalisations (rms should scale roughly as √ A). This is probably because the normalisation is a more robust measure of variability amplitude, since it is derived by the PSD fit across a broad frequency range, with the method taking account of the effects of the weakly non-stationary nature of the light curves. However, there are large variations in PSD normalisation between energy bands in NGC 3227, with PSD normalisation decreasing towards higher energies. In contrast, the PSD normalisation of NGC 5506 shows no significant variation with energy. Interestingly, there is also a large systematic difference between the PSD normalisations of the two AGN, with NGC 3227 showing a PSD normalisation a factor∼ 2.6 larger than the PSD normalisation of NGC 5506.
DISCUSSION
We first recap the main results of our Monte-Carlo analysis of the PSDs of NGC 3227 and NGC 5506, which are:
(i) The 2-10 keV PSDs of NGC 3227 and NGC 5506 are consistent with a bending power-law model similar to that observed in the high/soft state of Cyg X-1 and the NLS 1 NGC 4051, with a low-frequency slope of -1, similar bend frequencies of a few 10 −5 Hz, and slopes steeper than -2 above the bend.
(ii) A doubly-broken power-law PSD shape, with a ratio of high to low break frequencies of 10-30, similar to that observed in the low/hard state for Cyg X-1, is rejected at better than 95 per cent confidence in NGC 3227, but is an acceptable description of the PSD of NGC 5506.
(iii) The 3-5 keV and 7-15 keV PSDs of both AGN are consistent with having the same shape as the 2-10 keV PSD, although there is a tendency for the lower energy PSD fits to prefer a lower bend-frequency and steeper slope, suggesting relatively less high-frequency power than in the harder band, consistent with the energy dependence of PSD shape in other AGN. In NGC 3227 PSD normalisation in the 3-5 keV band is nearly 50 per cent larger than in the 7-15 keV band, while there is no significant difference in normalisation between bands in NGC 5506.
(iv) In all bands the PSD normalisation of NGC 3227 is more than a factor 2 greater than that of NGC 5506.
We now examine the implications of our results for the nature of the X-ray variability of our two targets and of Seyfert galaxies in general.
PSD characteristic time-scales
To compare the PSD characteristic time-scales observed in NGC 3227 and NGC 5506 with those of other AGN, we will use the break-frequencies obtained from the sharply broken PSD models which have been used to fit most AGN PSDs so far [e.g. Markowitz et al. (2003) ]. We convert the frequencies into time-scales and tabulate the results so far obtained for AGN with observed (or at least well-constrained) PSD breaks in Table 3 . We also include the best estimates so far of black hole masses, and bolometric luminosity as a fraction of Eddington luminosity for these AGN. We plot black hole mass versus PSD break time-scale in Fig. 11 . A similar plot is shown in M c Hardy et al. (2005), and we use the same values of black hole masses here. Most of the masses are estimated using optical reverberation mapping (shown as filled circles in the plot), but some (shown as open circles) are obtained using other methods such as stellar velocity dispersion [i.e. Mrk 766, MCG-6-30-15 and NGC 5506 (where we use the stellar velocity dispersion measurement of ∼ 180 km s −1 (Oliva et al., 1999) , to infer a black hole mass of ∼ 10 8 M⊙ (Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Ferrarese et al., 2001; Wandel, 2002) are provided in Table 3 . We also plot the mass-time-scale relations expected from a linear extrapolation from typical break time-scales observed in the black hole candidate Cyg X-1 in its low/hard and high/soft states † † (assuming a 10 M⊙ black hole in Cyg X-1).
Despite the different methods used to estimate black hole mass, it is worth noting that the data points which lie systematically above the high/soft state line (i.e. with shorter break time-scales than expected) consist of both reverberation-mapped and non-reverberation-mapped AGN. M c Hardy et al. (2004 Hardy et al. ( , 2005 have suggested that the deviation from linear scaling with Cyg X-1 may be a function of accretion rate. We examine this possibility in Fig. 12 , which shows the ratio of the observed PSD break time-scale to that expected from linear scaling with the high/soft state break time-scale in Cyg X-1, versus the ratio of bolometric luminosity, L bol to the Eddington rate for the given black hole mass (L Edd = 1.26 × 10 38 erg s
, which is a proxy for the accretion rate (in Eddington units), assuming a constant efficiency. The bolometric luminosities are obtained from the literature and are generally estimated by integrating the available spectral energy distributions of the AGN (see Table 3 for references). However, since no such estimates exist for Mrk 766 or NGC 5506, we estimated the bolometric luminosity by applying a bolometric correction factor of 36.6 to the 2-10 keV X-ray luminosities ‡ ‡ (the 2-10 keV X-ray luminosity of NGC 5506 is estimated using the † † We assume a break-frequency of 3.3 Hz in the low/hard state (e.g. see UMP02), and 13.9 Hz in the high/soft state (M c Hardy et al., 2004) ‡ ‡ We estimate this correction factor by assuming the monochromatic 2 keV correction factor of Padovani & Rafanelli (1988) and Figure 12 . Ratio of the observed PSD break time-scale to that expected from linearly scaling the break time-scale of 13.9 Hz observed in Cyg X-1 in the high/soft state by the AGN black hole mass, versus the ratio of bolometric to Eddington luminosity (i.e. a proxy for accretion rate). Arrows mark lower limits on the break-time-scale ratio. See text for further details.
RXTE data, while for Mrk 766 it is obtained from Pounds et al. (2003)). There does appear to be an overall trend for higher accretion rate AGN to show shorter break time-scales, in agreement with the hypothesis of M c Hardy et al. (2004) . However, NGC 3227 and NGC 5506 show break time-scales systematically shorter than other AGN of similar mass and accretion rate. Note that the errors due to uncertainty in the mass are not accounted for in the Figure. Since mass affects both L Edd and the break time-scale ratio, the errors on both axes are correlated: if the assumed mass is increased, data points move proportionately down and to the left, if it is decreased, data points move up and to the right. In this way, NGC 3227 and NGC 5506 could be made more consistent with the other AGN if the current masses for NGC 3227 and NGC 5506 are overestimated. However, it seems unlikely that all the AGN data points can be made consistent with a single break-time-scale ratio in this way, because to do so would require making a high accretion-rate AGN such as Ark 564 even more super-Eddington than is already implied by its small black hole mass. Cyg X-1 transitions to the high/soft state at L bol ≃ 0.03 L Edd (Maccarone, 2003) , and its bolometric luminosity does not seem to increase much above this value (e.g. see Zhang et al. 1997) . Thus if Cyg X-1 in the high/soft state were placed on the same plot as the AGN (at a break time-scale ratio of 1, by construction), it would be consistent with the AGN data points at similar accretion rates.
PSD Normalisations
The different energy-dependence of PSD normalisations in NGC 3227 and NGC 5506 may result from the presence of different constant emission components in these sources, or intrinsically different spectral variability. For example if the integrating over the 2-10 keV range assuming a typical photon index Γ = 2. c Hardy (2002); XBC -assuming factor 36.6 bolometric correction from 2-10 keV X-ray luminosity (see text for details).
spectral shape of the variable continuum is not itself intrinsically variable, a constant component with a harder spectrum than the variable continuum component could dilute the fractional amplitude of variability at harder energies, to produce an overall reduction in PSD amplitude with increasing energy, as observed in NGC 3227. Evidence for constant hard components can be seen in several other AGN, including NGC 5506, using the 'flux-flux plot' method of spectral analysis (Taylor, Uttley & M c Hardy 2003, see also . In NGC 5506, this constant component, which may be associated with disk reflection in other AGN , is relatively weak, which might explain the weak energy dependence of the PSD normalisation in this source. Consistent with this possibility, Bianchi et al. (2003) find no evidence for an accretion disk reflection component in the X-ray spectrum of NGC 5506. Note that, since any constant component in NGC 5506 is probably weak, the relatively small PSD normalisation observed in NGC 5506 compared to NGC 3227 is likely to be intrinsic to the varying continuum, and not simply due to dilution by constant components of different strength.
It is possible that the much stronger energy-dependence of the PSD normalisation observed in NGC 3227 is due to a stronger constant reflection component in this source. To check this possibility, in Fig. 13 we show a flux-flux plot (see Taylor, Uttley & M c Hardy (2003) for details of the method) for NGC 3227, made with the 3-5 keV and 7-15 keV monitoring data used here (but excluding the period four months on either side of the peak absorption of the 2001 event). Unlike the NGC 5506 data, which is well fitted by a linear plus constant model (see Taylor flux-flux plot corresponds to intrinsic spectral pivoting of the varying continuum about an energy of a few hundred keV. Therefore the energy dependence of PSD normalisation in NGC 3227 is intrinsic to the varying continuum, and not caused by a constant hard component. In other words, the flux changes (at least on long time-scales) observed in all bands are caused primarily by the pivoting of the continuum, with the relatively larger changes at softer energies being a natural result of this effect. It is interesting to note that if the flux variability observed in NGC 3227 results largely from spectral pivoting, the variations in the total luminosity integrated to high energies should be less than the variations we observe. We note that NGC 4051 also shows spectral pivoting ( et al., 2004) . It is possible that these large amplitude variations may simply be an effect of the spectral pivoting, combined with the relatively low, 2-10 keV energy band which we use to observe the varying continuum. The total X-ray luminosity variations in these AGN may not be much different from those in other AGN, in which case the explanation for the observed differences may lie with the origin of spectral pivoting. Zdziarski et al. (2002) point out that spectral pivoting can arise when the variability is driven by seed photons from the disk, which Compton-cool the corona. On the other hand, if the variability is driven mainly by variations in the corona itself, feedback effects due to disk heating may lead to a constant spectral shape. Therefore the energy dependence and amplitude of PSD normalisation may give clues to the ultimate origin of the variability, either in the disk or the corona. For completeness, we also note that gravitational light bending models suggested to explain the weak variability of the reflection component in MCG-6-30-15 and other AGN , could also produce behaviour in a flux-flux plot which mimics spectral pivoting (see Fabian et al. 2004 ). For this model to apply in NGC 3227 however, the reflection component would need to be well hidden (e.g. strongly smeared out), since no evidence for a broad iron line feature is seen in the X-ray spectrum, even at low continuum flux levels (e.g. , where the equivalent width of such features is greatest in light bending models .
Finally, we point out that the observed PSD normalisations of NGC 5506 and NGC 3227 bracket the PSD normalisation of Cyg X-1 (which is 0.012 in the 8-13 keV band which is undiluted by the constant thermal emission, M c Hardy et al. 2004 § § ). The range of AGN PSD normalisations appears to be intrinsic to the variability process, and not simply due to the presence of constant components of different strengths. It is not yet clear whether the PSD normalisation is correlated with parameters such as accretion rate or black hole mass, although the similarity between the long-term variability amplitudes of NGC 4051 and NGC 3227 (with very different spectral shapes, masses and accretion rates) would suggest that it isn't. Therefore, after taking account of stochastic variations, some of the scatter in relations between short-term variability and optical line width (Turner et al., 1999) , or black hole mass (Papadakis, 2004; Nikolajuk, Papadakis & Czerny, 2004 ) may be due to intrinsic differences in PSD normalisation, caused by some currently unknown mechanism.
5.3 NGC 3227: a high/soft state PSD in a hard-spectrum, broad-line AGN?
It is commonly assumed that NLS 1 are analogous to BHXRBs in the high/soft or very high states, whereas 'normal' broad line Seyferts are compared with the low/hard state. NGC 3227 shows that this assumption is too simplistic, at least with regard to using the variability as a diag- § § We note here that due to a typographical error the values of normalisation shown for 8-13 keV in Tables 1-4 et al., 2004) ), but broad line Seyferts can also show high/soft state PSDs. This is not surprising, since the transition from the low/hard to high/soft state in BHXRBs occurs on average at about 2 per cent of the Eddington luminosity (Maccarone, 2003) , similar to the Eddington fraction estimated for NGC 3227, assuming the reverberation-mapped mass of ∼ 4 × 10 7 M⊙ (Peterson et al., 2004) . In fact, many nearby broad line AGN exceed this Eddington fraction (e.g. see Table 3 in Wandel, Peterson & Malkan 1999) , so it is likely that many luminous broad line AGN are found in the high/soft or very high states.
The analogy of NLS 1 with the high/soft state in BHXRBs is made because both NLS 1 and high/soft state BHXRBs typically show steep power-law continuum spectra, with photon indices Γ > 2 (McClintock & Remillard, 2005; Brandt, Mathur & Elvis, 1997) . However, NGC 3227 shows an intrinsically hard continuum with photon index Γ ∼ 1.6 , saturating at ∼ 1.8 at high fluxes [c.f. NGC 4051 which saturates at Γ ∼ 2.4 ], with its flux-flux plot showing no evidence for additional strong reflection which would flatten an otherwise steep primary continuum. Therefore, the variability of NGC 3227 demonstrates that continuum spectral shape and PSD shape are not simply correlated. A source may show a high/soft state PSD together with a low/hard state X-ray spectrum.
CONCLUSIONS
We have used X-ray monitoring of the Seyfert galaxies NGC 3227 and NGC 5506 over a broad range of time-scales to construct broadband PSDs for these AGN, and demonstrated that both PSDs are consistent with being the same shape as PSDs of BHXRBs in the high/soft state. We further rule out the possibility of a low/hard state PSD in NGC 3227, so that, together with MCG-6-30-15 (M c Hardy et al., 2005) , it represents the second clear example (after NGC 4051) of a high/soft state PSD in an AGN. The normalisation of the PSD of NGC 3227 is significantly larger than that of NGC 5506, and unlike NGC 5506, NGC 3227 shows a strong energy dependence of PSD normalisation, with greater variability at lower energies. Both the energy dependence of normalisation and the large variability amplitude may be a result of spectral pivoting of the powerlaw continuum of NGC 3227 at high energies, also similar to NGC 4051. However, the main result to come out of this work is the fact that NGC 3227, unlike NGC 4051 is a broad line Seyfert 1.5 with an intrinsically hard X-ray spectrum, yet it has a broadband X-ray variability PSD reminiscent of BHXRBs in the high/soft state. The combination of a low/hard-state-like X-ray spectrum with a PSD reminiscent of the high/soft state suggests that the current nomenclature for the various states is inappropriate. Therefore it may be necessary to refer to separate variability and spectral states, which are connected in some complex but as yet unknown way. c Hardy
